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Historically, allelic variations in blood group antigen (BGA) genes have been regarded as possible susceptibility factors for
infectious diseases. Since host–pathogen interactions are major determinants in evolution, BGAs can be thought of as
selection targets. In order to verify this hypothesis, we obtained an estimate of pathogen richness for geographic locations
corresponding to 52 populations distributed worldwide; after correction for multiple tests and for variables different
from selective forces, significant correlations with pathogen richness were obtained for multiple variants at 11 BGA loci out
of 26. In line with this finding, we demonstrate that three BGA genes, namely CD55, CD151, and SLC14A1, have been subjected
to balancing selection, a process, rare outside MHC genes, which maintains variability at a locus. Moreover, we identified
a gene region immediately upstream the transcription start site of FUT2 which has undergone non-neutral evolution
independently from the coding region. Finally, in the case of BSG, we describe the presence of a highly divergent hap-
lotype clade and the possible reasons for its maintenance, including frequency-dependent balancing selection, are dis-
cussed. These data indicate that BGAs have been playing a central role in the host–pathogen arms race during human
evolutionary history and no other gene category shows similar levels of widespread selection, with the only exception of
loci involved in antigen recognition.

[Supplemental material is available online at www.genome.org.]

Since the discovery of the ABO blood group in 1900 by Karl

Landsteiner, as many as 29 blood group (BG) systems have been

identified in humans (Blood Group Antigen Gene Mutation Da-

tabase, BGMUT [Blumenfeld and Patnaik 2004]). Each system is

specified by a blood group antigen (BGA) constituted by a protein

or carbohydrate molecule which is expressed on the erythrocyte

membrane and is polymorphic in human populations.

The molecular basis of all blood group systems (except for P1)

has been clarified, with one or more polymorphic loci accounting

for BG phenotypes. BGA genes belong to different functional

categories, including receptors, transporters, channels, adhesion

molecules, and enzymes; among the latter, the great majority of

loci code for glycotransferases. While a few BGAs are confined to

the erythrocyte membrane, others are expressed at the surface of

different cell types or secreted in body fluids (Reid and Lomas-

Frances 1997).

The number of different alleles is highly variable among BGA

genes and ranges from two to >100 (Blumenfeld and Patnaik 2004)

with the most common form of variation being accounted for by

missense or nonsense single nucleotide polymorphisms (SNPs).

BGA polymorphisms have attracted considerable attention over

recent years not only with respect to erythrocyte physiology per

se, but also due to the possibility that variations in BGAs might

underlie different susceptibility to diseases. In particular, the as-

sociation between infections and BGA polymorphisms has been

extensively investigated, although conclusive results have been

obtained in a minority of cases. For example, specific BGA alleles

have been shown to alter susceptibility to malaria (Moulds and

Moulds 2000), while FUT2 variants (Lewis system) influence the

predisposition to Norwalk virus (Lindesmith et al. 2003) and

Campylobacter (Ruiz-Palacios et al. 2003) infection, as well as to

vulvovaginal candidisis (Hurd and Domino 2004) and urinary

tract infections (Schaeffer et al. 2001).

Such findings are in line with the vision whereby different

BGAs serve as ‘‘incidental receptors for viruses and bacteria’’

(Moulds et al. 1996), but also function as modulators of innate

immune response (Ruiz-Palacios et al. 2003; Linden et al. 2008)

and possibly as ‘‘decoy-sink’’ molecules targeting pathogens to

macrophages (Gagneux and Varki 1999).

Given this premise and the conundrum whereby host–

pathogen interactions are major determinants in evolution, BGAs

can be thought of as possible targets of diverse selective pressures.

This view is in agreement with the geographic differentiation

pattern observed for BGAs and with previous reports of non-

neutral evolution at the ABO, DARC, GYPA, and FUT2 loci (Saitou

and Yamamoto 1997; Koda et al. 2001; Baum et al. 2002; Hamblin

et al. 2002; Calafell et al. 2008).

Here we exploited the availability of extensive resequencing

data, as well as of SNP genotyping in world-wide populations, to

investigate the evolutionary forces underlying the evolution of

BGA genes: Our data provide evidence that balancing and path-

ogen-driven selections have acted at multiple BGA loci.

Results and Discussion

Pathogen richness and BGA gene polymorphisms

As a first step we wished to verify whether allele frequencies of

SNPs in BGA genes varied with pathogen richness, in terms of
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different species in a geographic location. Similar approaches have

been applied to test this same hypothesis for HLA genes (Prugnolle

et al. 2005) and for other gene–environment interactions

(Thompson et al. 2004; Young et al. 2005; Hancock et al. 2008). To

this aim we exploited the fact that a set of over 650,000 tag SNPs

has been typed in 52 populations (HGDP-CEPH panel) distributed

world wide (Li et al. 2008). As for pathogen richness, we gathered

information concerning the number of different micropathogen

species from the Gideon database; pathogen richness was calcu-

lated on a country basis by pooling together viruses, bacteria,

fungi and protozoa (see Methods for further details). A total of 262

SNPs in BGA genes had been typed in the HGDP-CEPH panel

allowing analysis of the following loci: RHCE, ERMAP, DARC,

CD55, CR1, GYPC, GYPA, GCNT2, RHAG, C1GALT1, AQP1, KEL,

AQP3, ABO, CD44, ART4 (also known as DO), SEMA7A, SLC4A1,

SLC14A1, FUT3, BCAM (also known as LU), FUT2, FUT1, A4GALT,

XG, and XK.

For all 262 BGA SNPs in the data set we calculated Kendall’s

rank correlation coefficient (t) between pathogen richness and

allele frequencies in HGDP-CEPH populations; a normal approx-

imation with continuity correction to account for ties was used for

P-value calculations (Kendall 1976). We verified that, after Bon-

ferroni correction for multiple tests, 26 BGA gene SNPs were sig-

nificantly associated with pathogen richness (Table 1). Since

variables different from selective forces (e.g., colonization routes;

Handley et al. 2007) are expected to affect allele frequency spectra

across populations, we compared the strength of BGA gene SNP

correlations to control sets of SNPs extracted from the data set. In

particular, for each BGA SNP in Table 1 we extracted from the full

data set all SNPs having an overall minor allele frequency (aver-

aged over all populations) differing less than 0.01 from its fre-

quency; for all SNPs in the 26 frequency-matched groups we

calculated Kendall’s t between pathogen richness and allele fre-

quencies. Next, we calculated the percentile rank of BGA gene

SNPs in the distribution of Kendall’s t obtained for the control sets

and in the distribution of all SNPs in the data set. Data are reported

in Table 1 and indicate that all SNPs ranked above the 90th per-

centile of t-values, with 19 of them ranking above the 95th (data

for all 262 SNPs are available in Supplemental File 1). By per-

forming 30,000 simulations using samples of 262 SNPs we verified

that the probability of obtaining 19 SNPs with a correlation value

above the 95th percentile amounted to 0.045; a similar result is

obtained by considering the probability to obtain n SNPs with a t

higher than the 95th percentile in a sample of 262 to be Poisson-

distributed (P = 0.043). These data therefore indicate that the

fraction of BGA SNPs that correlate with pathogen richness is

higher than expected; yet, these calculations also suggest that

a portion of SNPs in Table 1 might represent false positive asso-

ciations in that the retrieval of 13 variants with a percentile rank

above the 95th would be expected by chance. An estimation of the

magnitude of selective effects exerted by pathogens on human

genes would be required to accurately estimate the expected

fraction of truly correlated SNPs.

The strongest correlation between BGA SNP allele frequency

and pathogen richness was obtained for rs900971 in SLC14A1

(Fig. 1; similar representations for all SNPs in Table 1 are available

as Supplemental Fig. 1). In order to verify that environmental

variables correlating with pathogen richness (Guernier et al. 2004)

did not determine the association signal with BGA genes, we cal-

culated the mean temperature and maximum precipitation rate

for geographic locations corresponding to HGDP-CEPH pop-

ulations; none of the SNPs reported in Table 1 significantly cor-

related with either variable (data not shown).

The identification of correlations between specific environ-

mental variables and allele frequencies has been regarded as

a strategy complementary to common population genetic

approaches for the detection of selection signatures (Hancock

et al. 2008). All such analyses rely on the assumption that the

environmental variable we measure nowadays has changed little

over human history and that gene flow due to recent admixture

has had a minor impact on human genetic diversity. In this case,

we implicitly assumed that the number of different pathogen

species per country has been maintained proportionally un-

changed along human evolutionary history. Although an over-

simplification, this might not be so different from the reality,

given that climatic variables have been shown to be of primary

importance in driving the distribution of human pathogens

(Guernier et al. 2004). As for gene flow, the influence of recent

admixture in most populations is considered to be modest (Li et al.

2008), as also demonstrated by the good relationship between

population genetic diversity and distance from Africa (Handley

et al. 2007).

Our data therefore indicate that the allele frequencies of

a subset of BGA genes vary with pathogen richness, supporting the

vision whereby these loci affect the susceptibility to infectious

diseases. This hypothesis had previously been formulated for ABO

and FUT2 (Greenwell 1997; Hill 2006; Casanova and Abel 2007),

while in the case of GYPC, DARC, and SLC4A1 the ability of spe-

cific alleles to modulate infection susceptibility has been demon-

strated for malaria (Moulds and Moulds 2000). Also, in the case of

AQP3, modulation of malaria severity can be hypothesized since

AQP3 represents the major channel for glycerol transport in

Table 1. BGA gene SNPs significantly associated with
pathogen richness

SNP Gene ta
P

(Bonferroni)
Rankb

(all)
Rankc

(matched)

rs11210729 ERMAP 0.446 0.002 0.945 0.937
rs6700168 CD55 0.427 0.005 0.923 0.927
rs4143022 GYPC �0.440 0.003 0.938 0.930
rs7589096 GYPC 0.548 0.000 0.997 0.997
rs4663038 GYPC �0.460 0.001 0.958 0.961
rs17741574 GYPC 0.459 0.002 0.957 0.953
rs13034269 GYPC 0.493 0.001 0.981 0.978
rs6568 GYPC 0.417 0.009 0.910 0.911
rs10487590 C1GALT1 0.549 0.000 0.997 0.997
rs9466910 GCNT2 �0.491 0.001 0.979 0.975
rs9466912 GCNT2 �0.491 0.001 0.979 0.975
rs17576994 GCNT2 0.476 0.001 0.970 0.972
rs2228332 AQP3 �0.459 0.001 0.957 0.957
rs2073824 ABO �0.506 0.000 0.987 0.988
rs2421826 CD44 �0.436 0.004 0.933 0.929
rs1547059 CD44 0.439 0.006 0.937 0.933
rs2072081 SLC4A1 0.487 0.000 0.978 0.979
rs2074108 SLC4A1 0.473 0.001 0.968 0.970
rs692899 SLC14A1 0.425 0.007 0.920 0.916
rs10853535 SLC14A1 �0.509 0.000 0.988 0.985
rs566309 SLC14A1 0.461 0.005 0.958 0.951
rs900971 SLC14A1 �0.611 0.000 1.000 1.000
rs6507641 SLC14A1 �0.466 0.001 0.962 0.963
rs602662 FUT2 �0.499 0.000 0.984 0.980
rs485186 FUT2 �0.513 0.000 0.989 0.987
rs504963 FUT2 0.472 0.001 0.967 0.965

aKendall’s correlation coefficient.
bPercentile rank relative to the distribution of all SNPs.
cPercentile rank relative to the distribution of allele frequency-matched
SNPs.
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human erythrocytes (Roudier et al. 2002), and mice knockout for

Aqp9, a related glycerol transporting aquaporin, display increased

survival to P. berghei (Liu et al. 2007). One possibility to explain the

observed associations is that pathogen richness has co-varied with

malaria prevalence and that nucleotide variations, even different

from those previously reported to confer resistance in SLC4A1 and

GYPC, affect Plasmodium entry, spread, or rosetting. Conversely,

no association with infectious disease predisposition has ever been

reported for SLC14A1, ERMAP, C1GALT1, and GCNT2; yet these

genes encode either glycotransferases or surface glycosylated

proteins, suggesting that carbohydrate determinants might affect

pathogen attachment and entry.

Another possibility involving SLC14A1 variants is that the

association with pathogen richness reflects some important aspect

of urea metabolism during infection; indeed the gene codes for an

urea transporter and the intracellular availability of urea has been

shown to be a limiting factor for the ability of Mycobacterim bovis

to attenuate expression of MHC class II molecules during macro-

phage infection through urease-induced alkalinization of in-

tracellular compartments (Sendide et al. 2004).

As for CD44, it has been shown to act as a receptor for group A

Streptococcus (Cywes et al. 2000), Mycobacterium tuberculosis (Lee-

mans et al. 2003), and Escherichia coli in urinary tract infections

(Rouschop et al. 2006).

Population genetics analysis of BGA genes

Given the results obtained above and the premise whereby BGA

genes might represent selective targets, we wished to verify

whether selection signatures could be identified at BGA genes. To

this aim we exploited the fact that 22 out of 38 loci involved in

BGA specification have been included in the SeattleSNPs program

so that resequencing data (although with some gaps) in at least

two populations are available; in particular, all data refer to one

population with European ancestry (EA) and one with African

ancestry (either Yorubans [YRI] or African American [AA]). From

the SeattleSNP gene list we excluded ABO, which has been pre-

viously studied (Saitou and Yamamoto 1997; Calafell et al. 2008),

A4GALT, XK, and ART4 due to poor resequencing coverage, and

KEL, because of its being located in a re-

gion subjected to a selective sweep pos-

sibly driven by the nearby TRPV6 locus

(Akey et al. 2006). The following genes

were left for analysis: AQP1, AQP3, ACHE,

BSG, B3GALNT1 (previously B3GALT3),

CD55 (previously DAF), CD151, SLC4A1,

ICAM4, FUT3, FUT2, FUT1, BCAM,

ERMAP, GYPC, SEMA7A, and SLC14A1.

With the aim of identifying loci that

have been subjected to natural selection,

and following the conundrum whereby

selection signatures might extend over

relatively short gene regions (due to the

action of mutation and recombination;

Wiuf et al. 2004; Bubb et al. 2006), we

applied a sliding window approach to all

BGA genes (except for ACHE, due to its

small size and FUT2, as detailed below)

and calculated population genetic differ-

entiation, measured as FST. Under the as-

sumption of neutrality, FST is determined

by demographic history (i.e., genetic drift

and gene flow), which affects all loci similarly. We therefore cal-

culated the 2.5th and 97.5th percentiles in the distribution of FST-

values obtained for sliding windows across SeattleSNPs genes (see

Methods for details) and searched for BGA gene regions that dis-

play unusually high or low population differentiation. Overall,

8.3% of sliding windows deriving from the 17 BGA genes dis-

played exceedingly high or low FST-values; estimation of an em-

pirical probability (see Methods) to obtain an equal or higher

fraction of outliers in windows deriving from SeattleSNP genes

yielded a P-value of 0.19. These data indicate that an excess of

unusual FST-values can be observed for BGA genes, with the failure

to reach statistical significance being likely due to the presence of

other non-neutrally evolving genes in the SeattleSNP data set

(which mainly gathers genes involved in inflammatory processes).

BGA gene regions displaying unusual FST-values were further

studied by application of population genetics statistics. In partic-

ular, widely used test include Tajima’s D (Tajima 1989) and Fu and

Li’s D* and F* (Fu and Li 1993). Tajima’s D (DT) tests the departure

from neutrality by comparing two nucleotide diversity indexes: uW

(Watterson 1975), an estimate of the expected per site heterozy-

gosity, and p (Nei and Li 1979), the average number of pairwise

sequence nucleotide differences. Positive values of DT indicate an

excess of intermediate frequency variants and are a hallmark of

balancing selection; negative DT-values indicate either purifying

selection or a high representation of rare variants as a result of

a selective sweep. Fu and Li’s F* and D* are also based on SNP

frequency spectra and differ from DT in that they also take into

account whether mutations occur in external or internal branches

of a genealogy. Since population history, in addition to selective

processes, is known to affect frequency spectra and all related

statistics; we performed coalescent simulations using a calibrated

population genetics model that incorporates demographic sce-

narios (Schaffner et al. 2005). Also, in order to disentangle the

effects of selection and population history, we exploited the co-

nundrum whereby selection acts on a single locus while de-

mography affects the whole genome: As a control data set we

therefore calculated diversity parameters and test statistics for 5 kb

windows deriving from 238 genes resequenced by the NIEHS

program (see Methods for details). A similar comparison with

Figure 1. Correlation between pathogen richness and allele frequency for rs900971 in SLC14A1.
Populations from different broad geographic areas are coded by different colors: (green) Sub-Saharan
Africa, (black) America, (red) Asia, (blue) Europe, (orange) Middle East, and (gray) Oceania.
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SeattleSNPs gene data is provided in Supplementary File 2 (Sup-

plemental Table 2). Sliding window analyses identified gene

regions showing unusual FST-values (Supplemental Fig. 3), which

were selected for further study, as reported in the following para-

graphs. In addition, for the remaining BGA loci we calculated

summary statistics (DT, D*, and F*) for the entire gene region and

unusual values were found for BSG (detailed below) and FUT1. The

latter was not further analyzed as high homology with other gene

family members and a pseudogene suggested that gene conversion

events might affect the result (this was not the case for FUT2 since

we focused on the promoter region, as detailed below).

CD55 (Cromer system)

A sliding-window analysis along the CD55 gene (OMIM no.

+125240; referred to as DAF in the SeattleSNPs database) revealed

the presence of a region encompassing nucleotides ;9000–19,000

showing exceedingly low FST-values (Supplemental Fig. 3). Both

nucleotide diversity estimates and test statistics (Table 2) revealed

no significant departure from neutrality for both, AA and EA, yet

DT and Fu and Li’s D* and F* ranked relatively high in the distri-

bution of 5 kb windows from NIEHS genes (see Supplemental

Table 2 for a comparison with SeattleSNPs genes).

Under neutral evolution, the amount of within-species di-

versity is predicted to correlate with levels of between-species di-

vergence, since both depend on the neutral mutation rate (Kimura

1983). The HKA test (Hudson et al. 1987) is commonly used to

verify whether this expectation is verified. Here we performed

a maximum likelihood HKA test (MLHKA) by comparing the

CD55 region to 16 neutrally evolving genes (see Methods for

details): A significant result was obtained for both AA and EA (Table 3).

Therefore, we wished to study the genealogy of CD55 hap-

lotypes in the region and to this aim a neighbor-joining network

was constructed. Two major clades separated by long branch

lengths are evident (Fig. 2), each containing common haplotypes.

In order to estimate the TMRCA (time to the most recent common

ancestor) of the two haplotype clades, we applied a phylogeny-

based method (Bandelt et al. 1999) based on the measure r, the

average pairwise difference between the two haplotype clusters. r

resulted in a value equal to 13.28, so that, using a mutation rate

based on 50 fixed differences between chimpanzee and humans,

and a separation time of 6 million years (Myr) (Glazko and Nei

2003), we estimated a TMRCA of 3.19 Myr (SD = 673 Kyr). Given

the low recombination rate in the region, we wished to verify this

result using GENETREE, which is based on a maximum-likelihood

coalescent analysis (Griffiths and Tavare 1994, 1995). The method

assumes an infinite-site model without recombination and,

therefore, haplotypes and sites that violate these assumptions

need to be removed: in this case, only three single segregating sites

had to be removed. The resulting gene tree, rooted using the

chimpanzee sequence, is partitioned into two deep branches

(Supplemental Fig. 4). A maximum-likelihood estimate of u (uML)

of 9.2 was obtained, resulting in an estimated effective population

size (Ne) of 22,000, a value comparable to most figures reported in

the literature (Tishkoff and Verrelli 2003). Using this method, the

TMRCA of the CD55 haplotype lineages amounted to 2.61 Myr

(SD = 552 Kyr). Such deep coalescent time is unusual, as estimates

for neutrally evolving autosomal loci range between 0.8 Myr and

1.5 Myr (Tishkoff and Verrelli 2003).

Overall these data strongly support the idea that the CD55

region we analyzed has evolved under long-standing balancing

selection. This gene portion covers roughly 10 kb surrounding exon

6–7 and contains four DNase I hypersensitive sites in CD4+ T cells

(Boyle et al. 2008); five intermediate frequency SNPs (rs6700079,

rs2184476, rs1507760, rs10746462, and rs10746463) located

along the branch separating the two haplogroups lie within DNase

Table 2. Summary statistics for selected BGA regions

Gene La P b N c S d ue pf

D D* F*

Pg Rankh Pg Rankh Pg Rankh

CD55 9.5 AA 48 48 11.39 12.36 0.30 0.11 0.88 �0.52 0.46 0.45 �0.27 0.29 0.56
EA 46 34 8.14 10.63 1.04 0.14 0.82 0.68 0.16 0.77 0.96 0.11 0.81

CD151 1.6 YRI 48 15 21.12 30.70 1.40 0.022 0.99 0.66 0.15 0.88 1.08 0.048 0.96
AA 46 14 19.91 35.94 2.48 0.0014 >0.99 0.59 0.18 0.87 1.44 0.015 >0.99
EA 46 13 18.49 26.01 1.24 0.11 0.85 0.51 0.31 0.71 0.89 0.19 0.78
AS 40 12 17.63 10.74 �1.20 0.095 0.15 �3.11 0.0067 0.029 �2.94 0.013 0.043

FUT2 pmi 5.8 YRI 48 40 15.58 30.06 3.18 <0.0001 >0.99 1.29 0.0054 0.98 2.34 <0.0001 >0.99
EA 46 8 3.15 1.63 �1.38 0.046 0.13 �0.80 0.27 0.27 �1.14 0.17 0.24

FUT2 cdsj 3 YRI 48 26 19.52 29.94 1.76 0.0033 >0.99 �0.60 0.55 0.42 0.27 0.18 0.77
EA 46 20 15.16 24.88 2.07 0.018 0.97 0.60 0.23 0.73 1.30 0.068 0.92

SLC14A1 9.9 YRI 48 86 19.57 18.52 �0.19 0.26 0.64 0.61 0.045 0.86 0.37 0.073 0.80
AA 48 87 19.80 22.89 0.55 0.051 0.94 1.58 <0.0001 >0.99 1.42 0.0005 0.99
EA 46 62 14.25 21.97 1.91 0.015 0.96 0.89 0.087 0.83 1.50 0.022 0.95
AS 40 57 13.54 24.19 2.82 0.0007 >0.99 1.51 0.0074 >0.99 2.34 0.0006 >0.99

BSG 11.3 YRI 48 80 15.95 16.45 0.11 0.24 0.83 0.38 0.24 0.84 0.34 0.22 0.84
EA 46 81 16.31 11.91 �0.96 0.18 0.18 �2.08 0.052 0.071 �2.00 0.054 0.076

aLength of analyzed resequenced region (kb).
bPopulation.
cSample size.
dNumber of segregating sites.
euW estimation per site (310�4).
fp estimation per site (310�4).
gP-values obtained by applying a calibrated population genetics model, as described in the text.
hPercentile rank relative to the distribution of 5 kb deriving from 238 NIEHS genes.
iPromoter region.
jCoding region.
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I hypersensitive sites. Since DNase I hyperaccessibilty is thought

to be a hallmark of active cis-regulatory regions (Gross and Garrard

1988; Felsenfeld and Groudine 2003), these variants might re-

present good candidates as functional SNPs with a role in tran-

scriptional regulation of CD55. Importantly, another variant

(rs6700168) located in this genomic portion was found to correlate

with pathogen richness (Table 1) and it lies along the branch

separating the two haplotype clusters (Fig. 2). In order to verify

whether heterozygote advantage might underlie the action of

balancing selection we calculated the observed over expected

heterozygosity for rs6700168 and verified whether this ratio varied

with pathogen richness. Since this was not the case, we suggest

that the maintenance of the two haplotype lineages is not

due to overdominance but possibly to antagonistic selection (see

below).

CD55 (also known as DAF, decay-ac-

celerating factor) is a complement-regula-

tory protein expressed by most cell types,

which protects host tissues from damage

by the autologous complement system

(Nicholson-Weller and Wang 1994). Pre-

vious studies have indicated that the

membrane-anchored form of CD55 serves

as a receptor for very common human

pathogens, such as Dr+ E. coli (Nowicki

et al. 1993), coxsackieviruses B1, B3, and

B5 (Shafren et al. 1995), and echovirus 7

(Clarkson et al. 1995), suggesting that de-

creased or abolished DAF expression

might confer decreased susceptibility to

these infectious agents. Total absence of

CD55 (Inab phenotype) is very rare in

humans (Blumenfeld and Patnaik 2004)

and associates with no overt phenotype.

Yet, other observations point to a possible

role of the gene in fertility and pregnancy:

CD55 is dynamically regulated during the

menstrual cycle (Young et al. 2002) and it

is highly expressed at the feto–maternal

interface (Sood et al. 2006); moreover, re-

duced DAF expression has been associated

with luteal phase defect of the endome-

trium associated with infertility or preg-

nancy loss. Also, mice lacking DAF are more susceptible to

autoimmune manifestations (Kaul et al. 1995).

These evidences might therefore suggest that regulation of

CD55 expression levels, either in a cell-type- or stage-dependent

fashion might affect vital processes, such as reproduction and

immunity. Also, the lack of evidence supporting heterozygote

advantage and the phenotype of cd55�/� mice possibly suggest

that balancing selection ensues from antagonist selection trading-

off resistance to infection with autoimmune phenomena. Obvi-

ously, other hypotheses are possible (e.g., adaptation to variable

environmental conditions with special reference to different en-

vironmental pathogens) and further studies on the biological

function of CD55 will be instrumental in addressing this issue.

CD151 (RAPH system)

A sliding window analysis along CD151 (OMIM no. *602243) in-

dicated the 39 gene region displays reduced population differen-

tiation and exceedingly low FST-values are observed in a region

roughly corresponding to the terminal region extending from

exon 6 to the 39 UTR (Supplemental Fig. 3). Nucleotide diversity

(both uW and p), in this restricted region, ranked above the 97.5th

percentile in the distribution of 5 kb windows deriving from

NIEHS genes (Supplemental Table 1) for both EA and YRI. Sum-

mary statistics revealed significantly positive values for DT, D*, and

F* in YRI, but not in EA. In order to further investigate the possible

departure from neutrality in other human populations, the same

region was resequenced in two additional samples: Asians (AS) and

AA. As shown in Table 2, significantly positive test statistics were

obtained for populations of African ancestry but not for Asians

and Europeans. In the case of AS, negative values of summary

statistics are due to the presence of a single highly divergent

haplotype (Fig. 3).

Table 3. MLHKA test results for BGA regions

Gene Population

MLHKA

k P-value

CD55 AA 3.56 0.0013
EA 3.25 0.0035

CD151 YRI 3.65 0.0057
AA 3.08 0.015
EA 4.46 0.0031
AS 4.30 0.0042

FUT2 pm YRI 1.86 0.098
EA 0.43 0.017

SLC14A1 YRI 2.68 0.0044
AA 2.79 0.0018
EA 2.51 0.0066
AS 2.84 0.0059

k, Selection parameter.

Figure 2. Genealogy of CD55 haplotypes reconstructed through a median-joining network. The
analysis corresponds to the gene region spanning nucleotides ;9500–18,300 (as described in the text).
Each node represents a different haplotype, with the size of the circle proportional to the haplotype
frequency. Nucleotide differences between haplotypes are indicated on the branches of the network.
Circles are color-coded according to population (green, AA; white, EA). The chimpanzee sequence is
also shown. The arrow shows the position of rs6700168 (Table 1). Note that the relative position of
mutations along a branch is arbitrary.
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Application of the MLHKA test, using 16 neutrally evolving

genes (see Methods), rejected the hypothesis of neutrality for all

populations (Table 3).

Next, we wished to examine haplotype genealogy for the

terminal CD151 gene region and, to this aim, a median-joining

network was constructed (Fig. 3). The topology of this network was

relatively unambiguous showing two major clades, each contain-

ing common haplotypes, separated by long branch lengths. Cal-

culation of the TMRCA (r = 8.55; fixed differences = 58 using Pongo

pygmaeus) yielded an estimate of 3.83 Myr (SD = 1.06 Myr), again

a deep coalescent time compared to neutral loci. As reported above

for CD55, this result was verified using GENETREE and an esti-

mated TMRCA of 2.14 Myr was obtained (SD = 643 Kyr, uML = 1.9,

Ne = 13,722; Supplemental Fig. 5). In analogy to CD55, these

features suggest the action of long-standing balancing selection in

African populations.

The analyzed CD151 region covers the last four coding exons

and the 39 UTR; most variants are located in noncoding regions,

with the majority of intermediate frequency SNPs falling within

the UTR. Analysis of known functional elements in the 39 UTR

was performed using UTRscan and no SNPs were found to

affect predicted motifs. Conversely, a search for microRNA tar-

get sites (miRBase) indicated that one variant, namely rs1130698,

falls within the highest scoring predicted target site. In particular

the T allele changes a G–C pairing between the CD151 UTR se-

quence and hsa-miR-940 to a G–U wobble; unfortunately, little

is known about the expression pattern of hsa-miR-940, except

for the fact that it was cloned from cervical cell lines (Lui et al.

2007).

CD151, a member of the tetraspanin protein family involved

in cell adhesion and motility, is expressed in most human tissues

(Fitter et al. 1995). Mutations of CD151 in humans result in ne-

phropathy with epidermolysis bullosa and deafness (Karamatic

Crew et al. 2004), while different phenotypes have been reported

for cd151�/� mice, including abnormal hemostasis (Wright et al.

2004), defective wound healing (Cowin et al. 2006), and renal

defects (Sachs et al. 2006). Members of

the tetraspanin family have been impli-

cated in virus infection in animals and

humans; in particular, different tetraspa-

nins have been shown to act as receptors

for HCV (Pileri et al. 1998), HIV (von

Lindern et al. 2003), canine distemper

virus (Loffler et al. 1997), feline leukemia

virus (Willett et al. 1994), and porcine

reproductive and respiratory syndrome

virus (Shanmukhappa et al. 2007); yet

a recent report has also shown that

members of the tetraspanin family, in-

cluding CD151, protect human macro-

phages from HIV-1 and vescicular

stomatitis virus infection, possibly by

blocking virion binding/uptake (Ho et al.

2006).

Whether the maintenance of bal-

ancing selection at the CD151 locus is

pathogen-driven remains to be eluci-

dated, and unfortunately no SNP map-

ping to the gene has been typed in

the HGDP-CEPH panel; it is worth not-

ing that besides its possible direct role

in predisposing to infections (by acting

as a viral receptor/binding factor), its function in wound healing

(Cowin et al. 2006) might also be regarded as linked to pathogens

and their prevalence, in that the risk of wound infection

likely depends on how long the healing process takes to

completion.

FUT2 (Lewis system)

In humans two alpha (1,2)-fucosyltransferases, encoded by the

paralogous FUT1 and FUT2 genes, determine expression of the

human H antigen, a precursor of blood group A and B antigens.

The two genes differ in substrate specificities and tissue ex-

pression (Costache et al. 1997): FUT1 (H enzyme, H/h system) is

responsible for the expression of H antigen in red cells and vas-

cular endothelia, whereas the Se enzyme (encoded by FUT2, Lewis

system, OMIM no. +182100) is responsible for the synthesis of the

same antigen in secretory glands and the intestinal mucosa;

individuals referred to as ‘‘secretors’’ (Se) have at least one func-

tional FUT2 allele.

Common FUT2 null alleles are present in many populations;

in particular a frequent null allele (se428) is responsible for most

nonsecretor phenotypes in Europe and Africa, while a missense

mutation (se385) is widespread in East Asians (Kelly et al. 1995;

Koda et al. 1996; Liu et al. 1998). Interestingly, the coding region

of FUT2 has previously been hypothesized to be subjected to

balancing selection, possibly under an overdominance regime

(Koda et al. 2001).

In the case of FUT2 we did not perform a sliding window

analysis as described for the above genes due to extensive rese-

quencing gaps. Rather, we divided the gene in three major por-

tions: coding exon, intron, and 59 upstream region (10 kb

upstream the transcription start site, thereafter referred to as pu-

tative promoter). In line with previous findings, the coding exon

displayed high nucleotide diversity and positive statistics (Table

2), while we verified that low levels of nucleotide variation char-

acterize the only intron (not shown). Interestingly, an unusual

Figure 3. Genealogy of CD151 haplotypes reconstructed through a median-joining network. The
analysis corresponds to the gene region spanning nucleotides 9100–10,400. Population color codes are
as follows: (green) AA; (white) EA; (red) AS; (gray) YRI.
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pattern was observed at the putative promoter region: as shown in

Table 2, YRI displayed high values of uW, while EA presented low

nucleotide diversity (percentile rank of uW = 0.18). Calculation of

FST yielded a high value of 0.45, corresponding to a percentile rank

of 0.977 in the distribution of SeattleSNPs gene windows and

being 20-fold greater than population differentiation calculated

for the coding region (FST = 0.022).

Summary statistics for the putative promoter revealed de-

viation from neutrality in YRI, since all tests yielded significantly

positive values (Table 2); conversely, statistics for EA resulted in

negative values, although significance was only obtained for DT.

Human/chimpanzee divergence in this gene region amounted to

1.35%, a value higher than the genome average (average = 1.06%,

SD = 0.25%; Chimpanzee Sequencing and Analysis Consortium

2005) and greater than that of control loci used in the MLHKA test;

the latter gave no significant results for YRI, while a reduction of

polymorphism compared to intraspecific divergence was evi-

denced for EA (Table 3). The greater than average divergence and

high polymorphism level observed for YRI might be consistent

with the region having low sequence constraints, resulting in an

increase of both divergence and diversity; yet, this hypothesis does

not fit the EA data whereby low diversity is observed; moreover,

the high population differentiation we observed can hardly be

reconciled with a neutral pattern of evolution.

Low diversity values and negative statistics are consistent

with both purifying and directional selection; Fay and Wu’s H (Fay

and Wu 2000) is usually applied to distinguish between these

possibilities, since significantly negative H-values indicate an ex-

cess of high-frequency derived alleles, consistent with directional

selection. H equaled�4.66 in EA with a borderline P-value of 0.062

(calculated using the calibrated model). It should be noted that the

interpretation of H can be complicated by the fact that the power

of this statistic to detect selection is poor when the sweep is rela-

tively old (Przeworski 2002) and population structure can result in

significantly negative H statistics (Przeworski 2002).

Reconstruction of haplotype genealogy for the FUT2 puta-

tive promoter using yielded a topology with two major clades

separated by long branch lengths (Fig. 4); consistent with the high

degree of geographic structure, all European haplotypes cluster

with the same haplogroup while African chromosomes are divided

in the two clades. Calculation of the TMRCA (r = 13.10; fixed

differences = 79, using chimpanzee) yielded an estimate of 1.99

Myr (SD = 410 Kyr). A similar TMRCA was estimated with the

use of GENETREE (TMRCA = 1.70 Myr, SD = 375 Kyr, uML = 3.4,

Ne = 8681; Supplemental Fig. 6). Construction of a haplotype ge-

nealogy for the coding region (data not shown) resulted in

a TMRCA of 3 Myr, in agreement with previous findings (Koda

et al. 2001).

Overall, the data presented above are consistent with the

presence of a selected variant/haplotype in the promoter region of

FUT2; this is in line with a recent report indicating that distinct

promoter haplotypes have an effect on the gene transcription

levels (Soejima and Koda 2008). In the case of EA, the statistics we

performed did not allow a firm rejection of the neutral model; in

part this might be due to the small number of SNPs in the region

(only eight) which reduces the power of all tests; also, failure to

reject neutrality might be accounted for by the pattern being

a relic of older selective events.

In the case of YRI, we consider that our observations might be

consistent with the presence of a balanced polymorphism. This

raises the possibility that the signatures we obtained at the pro-

moter region are due to hitchhiking and linkage disequilibrium

(LD) with the coding exon. Nonetheless, different observations

suggest that this is not the case. First, calculation of D9 between the

se428 variant and common SNPs in the putative promoter revealed

a maximum value of 0.27, indicating low LD, in agreement with

a previous report (Soejima and Koda 2008). Second, summary

statistics yielded stronger results for the putative promoter com-

pared to the coding exon. Third, although hitchhiking has the

potential to affect large genomic regions, the signatures of bal-

ancing selection are predicted to extend

over relatively short distances (Wiuf et al.

2004; Bubb et al. 2006); as an example,

the high nucleotide diversity that char-

acterizes the second exon of MHC loci

decays rapidly in flanking intronic

sequences (Cereb et al. 1997; Fu et al.

2003) and neighboring exons (Takahata

and Sata 1998). This suggests that the

departure from neutrality and the high

level of nucleotide diversity we observe in

the FUT2 putative promoter region is not

merely a result of hitchhiking with the

coding exon, given the 7 kb separating

the transcription start site from the sec-

ond exon.

As reported above, a recent study

(Soejima and Koda 2008) of the FUT2

proximal promoter region indicated that

nucleotide diversity patterns differ be-

tween African and non-African pop-

ulations, and the authors identified two

common haplotypes with different cell-

type specific activities. These observa-

tions raise the interesting possibility that

balancing selection at the FUT2 promoter

region might result from overdominance

Figure 4. Median-joining network for the putative promoter region of FUT2. The analysis corre-
sponds to the gene region spanning nucleotides 7400–17,800. Population color codes are as follows:
(white) EA; (gray) YRI.
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due to differential activity of the two promoter haplotypes in

different tissues. The ‘‘secretor’’ status has been associated with

increased susceptibility to infection by caliciviruses (Lindesmith

et al. 2003), HIV (Ali et al. 2000), and respiratory viruses (Raza et al.

1991); yet secretor subjects also display advantages compared to

nonsecretors, such as lower susceptibility to urinary tract and

Candida infections, and increased protection against Neisseria

meningitis and Streptococcus (Haverkorn and Goslings 1969;

Blackwell et al. 1990). Also, situations exist where the secretor

status might underlie a double-faceted situation. One example

involves Campylobacter jejuni infection (the most common cause

of bacterial diarrhea): the pathogen exploits H antigens for teth-

ering to the intestinal mucosa, but at the same time alpha (1,2)-

linked fucosyloligosaccharides in human milk inhibit Campylo-

bacter infection by competing with intestinal cell surface receptors

(Ruiz-Palacios et al. 2003). As a result, a breast-fed infant is

expected to be at variable risk of infectious diarrhea depending on

his/her intestinal expression of H antigens and his/her mother

secretion of the same molecule in milk; in this scenario, maximi-

zation of FUT2 expression in lactating epithelia might be ex-

tremely important in providing immunization to newborns.

Indeed, different oligosaccharide species in human milk form part

of the innate immune system with activity against different

pathogens (Newburg et al. 2005), and fucosyloligosaccharides

containing alpha (1,2)-linked fucose are prevalent (Chaturvedi

et al. 2001). Women who are nonsecretors do not express mea-

surable 2-linked fucosyloligosaccharides and the amount of milk

fucosyloligosaccharides varies even among secretors (Chaturvedi

et al. 2001), possibly suggesting the presence of genotype differ-

ences responsible for such variation (Chaturvedi et al. 2001). Since

diarrhea represents a very common cause of mortality in new-

borns throughout the world, the adaptive

significance of decreasing the chance of

infection in breast-fed infants is evident.

Therefore, maintenance of the advan-

tages conferred by the secretor status,

while modulating the levels of glyco-

transferase activity in a cell-type-de-

pendent fashion, might represent

a beneficial strategy in specific circum-

stances. Obviously, other explanations

for the maintenance of different FUT2

promoter haplotypes are possible, and

further studies will be required to analyze

the activity of FUT2 promoter hap-

lotypes. Unfortunately, no SNP located in

the putative promoter region of FUT2

was available to test association with

pathogen richness or verify whether

a heterozygote excess could be observed

in specific geographic locations. Con-

versely, significantly associated SNPs are

located in the coding exon (rs602662 and

rs485186) or 39 UTR (rs504963) and are

in full LD with the null se428 allele in

both EA and AA (in all cases, D9 = 1, P <

0.001). No correlation was observed be-

tween the observed/expected heterozy-

gosity ratio for these SNPs and pathogen

richness, suggesting that, although

pathogens have exerted a selective pres-

sure on the gene and balancing selection

has been operating, the underlying explanation is not accounted

for by overdominance. This might be expected if the null allele is

thought of as the selected variant: Heterozygotes are secretors and

they are not expected to have an advantage compared to subjects

carrying two active alleles. One possibility is that secretors and

nonsecretors experience advantages or disadvantages depending on

variable environmental conditions in terms of pathogen prevalence,

since they display different susceptibility to diverse pathogen types.

Alternatively, as suggested above, more complex scenarios can be

envisaged that also take into account promoter variants.

SLC14A1 (Kidd system)

Sliding window analysis of SLC14A1 (OMIM no. *111000) revealed

an extended region of about 6.3 kb showing high levels of pop-

ulation differentiation (Supplemental Fig. 3). The single variant

(Asp280Asn) responsible for the common JK*A/JK*B antigens (Blu-

menfeld and Patnaik 2004) is located ;6 kb downstream and, with

the aim of analyzing the evolutionary history of the gene, we decided

to resequence the entire region in YRI and AS with the exception of

a small central gap of 2 kb (Supplemental Fig. 3). Two novel non-

synonymous variants were identified, Val10Met and Val76Ile, and

both were present in the same three AA subjects.

Summary statistics and diversity parameters for the four

populations (Table 2) revealed high levels of polymorphism and

allowed rejection of neutrality for AA, AS, and EA, while borderline

values were obtained for YRI.

Application of the MLHKA test, as described above, rejected

the hypothesis of neutrality for all populations (Table 3). Con-

struction of the median-joining network is recommended when

regions displaying low recombination are being analyzed; in the

Figure 5. Genealogy of SLC14A1 haplotypes reconstructed through a median-joining network. The
analysis corresponds to the gene region spanning nucleotides 4887–17,350. Population color codes are
as follows: (green) AA; (white) EA; (red) AS; (gray) YRI. The allelic status at amino acid position 44 and
280 (JK*A/JK*B) is reported for the three major clusters. The two arrows denote the position of
rs10853535 and rs692899, which correlate with pathogen richness (Table 1).
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case of SLC14A1, the gene region carrying the Asp280Asn poly-

morphism displays low LD with the more 59 region (Supplemental

Fig. 7); yet, we decided to calculate the network over the entire

region so that the relative distribution of chromosomes carrying

the JK*A/JK*B variants could be visualized (Fig. 5); conversely,

TMRCA estimate was performed using GENETREE and for this

analysis only variants in linkage disequilibrium were included

(Supplemental Fig. 7). In both cases, three major haplotype clades

are evident and TMRCA estimated equaled 2.28 Myr (SD = 283 Kyr,

uML = 12, Ne = 28,800). The median joining network shows that

a long branch separates haplotypes carrying the JK*B allele from

JK*A, while a nonsynonymous Glu44Lys SNP might be regarded as

the selected variant maintaining the two closer clusters carrying

JK*A (Fig. 5). It is interesting to notice that two variants located in

this gene region (rs10853535 and rs692899) correlate with path-

ogen richness (Table 1); one of them lies on the branch leading to

the haplotype cluster carrying the JK*A and 44Glu alleles, while

the second is internal to this same cluster and defines a smaller

haplotype group (Fig. 5).

Interestingly, for both these variants the observed over

expected heterozygosity ratio significantly correlated with path-

ogen richness (rs692899, t = 0.327, P = 0.0012; rs10853535, t =

0.311, P = 0.0019, Supplemental Fig. 2), possibly suggesting that

the two subclades carrying the JK*A allele are maintained by

overdominance. Conversely, we found no heterozygote excess

for rs900971, which showed the strongest correlation with

pathogens among all BGA SNPs (Table 1). This variant is

located further downstream the Asp280Asn SNP and displays

low linkage disequilibrium with the balancing selection region.

It is therefore tempting to speculate that different variants in

SLC14A1 have been subjected to pathogen-driven selection under

different regimes that might include

heterozygote advantage and, possibly,

directional selection.

Altogether, the data reported above

concur with the idea that multiallelic

balancing selection has shaped the evo-

lutionary history of SLC14A1, although

several issues remain to be clarified. In

particular, the possible role of urea me-

tabolism in relation to pathogen re-

sistance has been briefly mentioned

above as a possible explanation for se-

lection at this locus, but current knowl-

edge on this issue is too limited to

warrant extensive speculation. Moreover,

consistent with the biological function of

SLC14A1, Kidd-null subjects and knock-

out mice display mild urinary concen-

trating defects and greater urine output

(Sands et al. 1992; Yang et al. 2002). This

observation raises the possibility that,

together with pathogen-driven selection,

the transporter might also have adapted

to climatic variables, possibly driven, for

example, by the necessity to spare water

in hot dry climates. In fact, we did not

find any SNP in SLC14A1 to correlate

with climatic variables, such as mean

temperature and maximum precipitation

rate. Yet, the effect might be confounded

by pathogen-driven selection or the

power to detect a correlation might vary depending on the envi-

ronmental variable, as previously suggested (Hancock et al. 2008).

BSG (OK system)

Calculation of nucleotide diversity parameters and summary sta-

tistics for the whole BSG gene (OMIM no. *109480) revealed an

unusual pattern in EA. In both this population and in YRI we

observed a uW of 16 3 10�4, a value higher than the 97.5th per-

centile in EA (Supplemental Table 1). Yet, while in YRI relatively

high values for Fu and Li’s D* and F* were obtained, all statistics

were negative in EA with borderline significance (Table 2). Closer

examination indicated that the negative statistics in Europeans

are due to the presence of a single highly divergent haplotype

carrying 24 singletons. We therefore verified whether this haplo-

type was present in the African sample and identified six

additional chromosomes carrying closely related haplotypes. We

next constructed a median-joining network of a 2-kb gene

region showing low recombination (Supplemental Fig. 8): The

topology indicated the presence of two distantly related haplotype

clusters (Fig. 6) with an estimated TMRCA of 1.76 Myr (SD = 576

Kyr, r = 4.99; fixed differences with chimpanzee = 34). Calculation

of the TMRCA using GENETREE resulted in a comparable estimate

(TMRCA = 1.53 Myr, SD = 443 Kyr, uML = 2.5, Ne = 10,714;

Supplemental Fig. 8). Such divergent haplotype clades can be

expected under two different circumstances, namely balancing

selection and ancient population structure. Yet, some difference

exists in that symmetric balancing selection is expected to

elongate the entire neutral genealogy, while the effects of

ancient population structure are reflected in an increase in the

genealogical time occupied by two single lineages (Takahata 1990;

Figure 6. Genealogy of BSG haplotypes reconstructed through a median-joining network. The
analysis corresponds to the gene region spanning nucleotides 8500–10,300. Population color codes are
as follows: (white) EA; (gray) YRI.
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Wall 2000). A possibility to discriminate between these scenarios

is to calculate the percentage of congruent mutations, meaning

those that occur on the basal branches of a genealogy (Wall

2000). When we applied this approach to the two major BSG

clades, a percentage of congruent mutations equal to 34%

was obtained; this is lower than previous estimates under a model

of ancient population structure, which ranged from 42% to 45%

(Barreiro et al. 2005; Garrigan et al. 2005); also, the TMRCA

we estimated for the BSG gene is not unusual (Tishkoff and Ver-

relli 2003; Garrigan and Hammer 2006), while deep coalescent

times are expected when ancient population subdivision is in-

volved. The asymmetric structure of the haplotype genealogy

whereby most chromosomes cluster in one clade with a relatively

deep coalescent, while a minor branch is accounted for by

a small number of less diverged chromosomes is difficult to in-

terpret within a theoretical framework. Different explanations

might account for the BSG genealogy, one appealing possibility

being frequency-dependent balancing selection, accounting for

the maintenance of a distantly related haplotype with a low fre-

quency in the population. Another possibility is that different

selective events have being acting on the BSG locus or, else, that

complex demographic scenarios account for the pattern we ob-

serve nowadays.

Basigin (also known as CD147) has been involved in different

biologic and pathologic processes, such as amyloid-beta pro-

duction, thymocyte maturation, cellular invasion, and rheuma-

toid arthritis (Iacono et al. 2007). Moreover, functioning as

a receptor for cyclophilin A makes CD147 a facilitator of HIV-1

infection (Pushkarsky et al. 2001). This property derives from the

ability of HIV-1 to incorporate cyclophilin A into virions, a feature

which is common to other viruses (Castro et al. 2003; Lin and

Emerman 2006). Additional studies aimed at clarifying the evo-

lutionary history of BSG and its role in infections might benefit

from this initial description.

Conclusions

Haldane’s hypothesis as formulated in 1932 posits that infectious

diseases have been a major threat to human populations and have

therefore exerted strong selective pressures throughout human

history (Haldane 1932). A few years later he also presciently pro-

posed that antigens constituted of protein-carbohydrates mole-

cules account for ‘‘surprising biochemical diversity by serological

tests’’ and possibly play a role in resistance/predisposition to

pathogen infection (Haldane 1949). These lines seem to perfectly

fit BGA genes, as demonstrated by both this study and previous

descriptions (Saitou and Yamamoto 1997; Koda et al. 2001; Baum

et al. 2002; Hamblin et al. 2002).

On the one hand, despite medical advances in treatment and

prevention, infectious diseases represent a major selective pressure

in humans and account for about 48% of deaths in people

younger than 45 yr worldwide (Kapp 1999). On the other hand,

different BGAs have been shown to act as receptors for one or

more pathogens and differential disease susceptibility has been

substantiated in some cases depending on BG phenotype. In this

scenario, it is not surprising that BGA genes have been the target of

selective pressures and associations between pathogen richness

and BGA alleles can be identified.

Indeed, here we show that four BGA genes have been sub-

jected to balancing selection (the underlying selective pressure

possibly being an infectious agent) and that pathogen richness has

shaped allele frequencies in 11 genes. These data, together with

a previous description of non neutral evolution for ABO (Saitou

and Yamamoto 1997; Calafell et al. 2008), FUT2 (Koda et al. 2001),

GYPA (Baum et al. 2002), and DARC (Hamblin et al. 2002), indicate

that BGAs played a central role in the host–pathogen arms race

during human evolutionary history.

Methods

DNA samples and sequencing
Human genomic DNA was obtained from the Coriell Institute for
Medical Research. All analyzed regions were PCR amplified and
directly sequenced; primer sequences are available upon request.
PCR products were treated with ExoSAP-IT (USB Corporation),
directly sequenced on both strands with a Big Dye Terminator
sequencing Kit (v3.1 Applied Biosystem) and run on an Applied
Biosystems ABI 3130 XL Genetic Analyzer (Applied Biosystem).
Sequences were assembled using AutoAssembler version 1.4.0
(Applied Biosystems), inspected manually by two distinct operators,
and singletons were re-amplified and resequenced.

Data retrieval and haplotype construction

Genotype data for two populations, one of African ancestry and
one of Caucasian ancestry, were retrieved from the SeattleSNPs
website (http://pga.mbt.washington.edu). Nucleotide positions
for all analyzed genes correspond to those of SeattleSNPs, which
in turn are derived from the following GenBank accession
nos.: AY942196 (BSG), AY851161 (CD55), DQ074789 (CD151),
AY937240 (FUT2), and AY942197 (SLC14A1).

Genotype data for 238 resequenced human genes were de-
rived from the NIEHS SNPs Program website (http://egp.gs.
washington.edu). In particular we selected genes that had been
resequenced in populations of defined ethnicity including African
American (AA), Caucasians (European ancestry, EA), Yoruba (YRI),
and Asians (AS) (NIEHS panel 2). Similarly, genotype data from
304 resequenced genes were derived from the SeattleSNPs Web
site. In particular, 201 and 103 genes have been resequenced
across panels 1 and 2, respectively, the former containing African
American and European American, the latter Yoruban and Euro-
pean subjects.

Haplotypes were inferred using PHASE version 2.1 (Stephens
et al. 2001; Stephens and Scheet 2005), a program for recon-
structing haplotypes from unrelated genotype data through
a Bayesian statistical method. Haplotypes for individuals rese-
quenced in this study are available as supplementary material
(Supplemental File 3).

Linkage disequilibrium analyses were performed using Hap-
loview (Barrett et al. 2005), and haplotype blocks were identified
through an implemented method (Gabriel et al. 2002).

Data concerning HGDP-CEPH SNPs derive from a previous
work (Li et al. 2008). A SNP was ascribed to a specific gene if it was
located within the transcribed region or no more than 700 bp
upstream from the transcription start site.

Statistical analysis

The correlation between pathogen richness and BGA allele fre-
quencies was assessed by Kendall’s rank correlation coefficient (t),
a non-parametric statistic used to measure the degree of corre-
spondence between two rankings. The reason for using this test is
that even in the presence of ties, the sampling distribution of t

satisfactorily converges to a normal distribution for values of n
larger than 10 (Salkind 2007).

Fumagalli et al.

208 Genome Research
www.genome.org



In order to evaluate the probability of obtaining 19 SNPs out
of 262 with a t higher than the 95th percentile, we performed
30,000 simulations. In particular, samples of 262 SNPs were
extracted from the full data set by searching for each BGA SNP, one
with an allele frequency matched at the 0.001 level. For each
sample, the number of SNPs with a percentile rank higher than
the 95th percentile (calculated over all SNPs) was counted. By
this procedure, the empirical probability of obtaining 19 or more
SNPs was estimated equal to 0.045. A theoretic approach can also
be applied by considering that the probability to obtain n SNPs
with a t higher than the 95th percentile in a sample of 262 is
Poisson-distributed with lambda = 13 (5% of 262). For such a dis-
tribution the probability of obtaining 19 or more SNPs equals 0.043.

The FST statistic (Wright 1950) estimates genetic differentia-
tion among populations and was calculated as previously pro-
posed (Hudson et al. 1992). In order to identify gene regions
showing extreme FST-values, sliding windows of 5 kb moving
along BGA genes with a step of 150 bp were used; the same pro-
cedure was applied to all genes resequenced by the SeattleSNPs
program. Values deriving from sliding windows obtained from all
genes resequenced in panels 1 and 2 were used to identify the
2.5th and 97.5th percentiles that represented the threshold to
define unusually high or low FST-values in BGA genes. It is worth
noting that negative FST should be interpreted as 0 and the 2.5th
percentile value of FST from SeattleSNPs gene sliding windows
resulted extremely close to 0. Therefore, BGA windows displaying
an FST-value negative or equal to 0 were considered to display
exceedingly low population differentiation. In order to evaluate
the probability of obtaining 8.3% of windows showing FST-values,
either below the 2.5th or above the 97.5th percentiles, we used
a simulation-based approach. In particular, 17 genes were ran-
domly selected from the SeattleSNPs database and for each group
the fraction of sliding windows showing exceedingly low or high
values was counted. Ten thousand simulations were performed
and the probability of obtaining a fraction of outliers equal to or
higher than 8.3% was calculated.

Tajima’s D (Tajima 1989), Fu and Li’s D* and F* (Fu and Li
1993) statistics, as well as diversity parameters uW (Watterson
1975) and p (Nei and Li 1979) and Fay and Wu’s H (Fay and Wu
2000) were calculated using libsequence (Thornton 2003), a C++

class library providing an object-oriented framework for the
analysis of molecular population genetic data. Calibrated co-
alescent simulations were performed using the cosi package
(Schaffner et al. 2005) and its best-fit parameters for YRI, AA, EA,
and AS populations with 10,000 iterations. As a further control,
summary statistics were calculated for 5 kb windows deriving from
NIEHS genes and the values obtained for BGA gene regions com-
pared to their distribution. In particular, for each gene a 5 kb re-
gion was randomly selected; the only requirement was that it did
not contain any long (>500 bp) resequencing gap; if the gene did
not fulfill this requirement it was discarded, as were 5 kb regions
displaying less than five SNPs. The numbers of analyzed windows
for AA, YRI, EA, and AS were 209, 203, 177, and 172, respectively.
The same procedure was applied to SeattleSNPs genes and a total of
103, 201, and 298 windows were obtained for YRI, AA, and sub-
jects with European ancestry, respectively.

The maximum-likelihood-ratio HKA test was performed us-
ing the MLHKA software (Wright and Charlesworth 2004) using
multilocus data of 16 genes and Pan troglodytes (NCBI panTro2) as
an outgroup. The 16 reference genes were randomly selected
among NIEHS loci shorter than 20 kb that have been resequenced
in the four populations (YRI, AA, EA, and AS; panel 2); the only
criterion was that Tajima’s D did not suggest the action of natural
selection (i.e., DT is higher than the 2.5th and lower than the
97.5th percentiles in the distribution of NIEHS genes; see Sup-

plemental Table 3). The reference set was accounted for by the
following genes: VNN3, PLA2G2D, MB, MAD2L2, HRAS, CYP17A1,
ATOX1, BNIP3, CDC20, NGB, TUBA1, MT3, NUDT1, PRDX5,
RETN, and JUND.

We evaluated the likelihood of the model under two different
assumptions: that all loci evolved neutrally and that only the re-
gion under analysis was subjected to natural selection; statistical
significance was assessed by a likelihood ratio test. We used a chain
length (the number of cycles of the Markov chain) of 2 3 105 and,
as suggested by Wright and Charlesworth (2004), we ran the
program several times with different seeds to ensure stability of
results.

Median-joining networks to infer haplotype genealogy was
constructed using NETWORK 4.5 (Bandelt et al. 1999). Estimate of
the time to the most common ancestor (TMRCA) was obtained
using a phylogeny based approach implemented in NETWORK
using a mutation rate based on the number of fixed differences
between human and chimpanzee or orangutan and assuming
a separation time from humans of 6 Myr and 13 Myr ago, re-
spectively (Glazko and Nei 2003). In all cases, a second TMRCA
estimate derived from application of a maximum-likelihood co-
alescent method implemented in GENETREE (Griffiths and Tavare
1994, 1995). Again, the mutation rate m was obtained on the basis
of the divergence between human and a primate, assuming a gen-
eration time of 25 yr. In using this m and the estimated maximum
likelihood u (uML), we estimated the effective population size pa-
rameter (Ne). With these assumptions, the coalescence time, scaled
in 2Ne units, was converted into years. For the coalescence process,
106 simulations were performed. All calculations were performed
in the R environment (www.r-project.org).

Environmental variables

Pathogen absence/presence matrices for the 21 countries where
HGDP-CEPH populations are located were derived from the Gid-
eon database (http://www.gideononline.com) following previous
indications (Prugnolle et al. 2005). Briefly, only species that are
transmitted in the countries were included, meaning that cases of
transmission due to tourism and immigration were not taken into
account; also, species that have recently been eradicated as a re-
sult, for example, of vaccination campaigns, were recorded as
present in the matrix. It should be noted that the final number of
different pathogen species per country differ from those calculated
by Prugnolle et al. (2005), since these authors only took into ac-
count intracellular disease agents. Precipitation rate and mean
temperature were derived for the geographic coordinates corre-
sponding to HGDP-CEPH populations from the NCEP/NCAR da-
tabase (Kistler et al. 2001).

Sequence annotation

Data concerning DNase I hypersensitive sites in CD4+ T cells de-
rive from a previous work (Boyle et al. 2008) and were retrieved
from the UCSC annotation tables (http://genome.ucsc.edu, Duke
DNase I HS track). MicroRNA binding sites were identified through
the dedicated utility at miRBase, which relies on the miRanda al-
gorithm (John et al. 2004) and requires a target site to be conserved
in at least two species. Functional elements in 39UTR were
searched for using UTRscan (Pesole and Liuni 1999).
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